Recombination is unknown in natural popu- 
satellite (e.g., the 33.15 core sequence) probes reveals very high clonal diversity within samples of seven Floridian populations, of which five contain about as many clones as there are individuals. There are 42 clones among 58 individuals surveyed (mean, 1.4 individuals per clone), a level of genetic diversity unprecedented among clonal animals. Moreover, all of the probes recognize the same clones even though, at high hybridization stringencies, there is little overlap in the fingerprint patterns they generate. This suggests that most sympatric dones differ by multiple and independent mutational steps. In one population studied in detail, the average number of mutational steps separating two clones is estimated at 9 or 10 and may be substantially higher. The mutational discontinuities among sympatric clones make it unlikely that they evolved by accumulation of neutral mutations in populations that are otherwise genetically uniform. The data argue that the mixing of unrelated individuals from different local populations occurs to an extent previously unappreciated and/or that divergence of clones is mediated by natural selection. If confirmed, the latter would be a serious challenge to current ideas on the predominant role of recombination in promoting the evolution of biological novelty.
We recently applied the technique of DNA fingerprinting to the problem of measuring genetic variation in natural populations of clonal organisms (1) . In the clonal killifish Rivulus marmoratus, the only vertebrate known to be a selfing hermaphrodite, intrapopulation allozyme variation is unknown. Genetic variation was evident only with histocompatibility surveys based on organ transplant experiments; it was frequently presumed to be nearly negligible in magnitude. Microsatellite (or simple sequence) probes (CAC)5 and (GACA)4 detected high levels of clonal diversity in several populations of this species. Here we report the results of extending our surveys to samples of additional Floridian populations and to a battery of different microsatellite and minisatellite probes. The data reveal levels of genetic diversity and mutational discontinuity that have previously not been reported among clonal animals. They challenge the widely held notion that clonal populations are necessarily limited in genetic variation and evolutionary potential. A preliminary account of some of our findings has appeared in a symposium volume (2 (6) . It has been suggested that these males may promote outcrossing by mating with hermaphrodites and fertilizing viable ova that have escaped self-fertilization (7). However, while males are common on some Caribbean islands (8), they have been absent from or are exceedingly rare in all Floridian collections made thus far (9) . It is doubtful that they affect significantly the genetics of these populations even if outcrossing does sometimes occur.
Specimens (n = 1).
Initial DNA Fingerprinting. Methods of DNA preparation, restriction digestion, gel electrophoresis, probe preparation and radiolabeling, and hybridization directly in dried agarose gels were as described (10) with minor modifications. Analyses were generally replicated with the restriction enzymes Alu I and Hinfl; some were also replicated with Hae III. Clones were identified by fingerprinting with probes (CAC)5 or (GACA)4.
Analyses with Multiple Probes. After initial fingerprinting, gels were stripped and rehybridized with up to 6 additional oligonucleotides. In early work, probe hybridization and stringency rinses were at 480C, the temperature originally used for (CAC)5. In subsequent experiments, these steps were done at 20'C below the calculated melting temperature (Tmr) of each probe sequence [15'C below Tm for (GT)9]. Most survey gels were hybridized with the microsatellite sequence (CT)g and the minisatellite sequences AGAGGTGGGCTG-GAGGGC, the 33.15 core sequence (11) , and (AGAGGC)4, a repeat in the Per locus of Drosophila (12) . In addition, some tTo whom reprint requests should be addressed.
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Proc. Natl. Acad. Sci. USA 89 (1992) gels were also hybridized with (GT)9, (GGCAGG)4, a minisatellite sequence motif with a high mutation rate in the mouse genome (13) , and/or GGCTGGTGGCTGGTG, a dimer of the prokaryote recombination signal Chi (14) .
RESULTS
Clonal Diversity. The number of clones per locality and individuals per clone are documented in Table 1 . In five of eight population samples, the number of clones detected approached or equaled the number of individuals surveyed (Fig. 1) . With the exception of a pair ofapparent sister clones from the Vero Beach sample, all clones could be differentiated with both Hinfl and Alu I, although the number and sizes of bands generated by each of these enzymes were usually different. There was no detectable overlap in clonal composition among localities nor within localities surveyed in two different years.
Multiple Probes. At moderate stringency, overlap in banding patterns detected by each probe varied with both sample and sequence. Often, the same bands were detected with several probes but at very different intensities. Average banding overlap among probes varied from -20% to "'70%. All probes except (CT)9 detected some bands that were not detected by any ofthe others; bands detected with (CT) were a subset of those visualized with (CAC)5 or (GACA)4. In all but one case, clones that could be differentiated with one probe could be differentiated with all that were tried, and very often each probe revealed additional divergent bands (Fig. 2) . The two sister clones in the Vero Beach sample could be differentiated only with (CAC)5. Individuals that were scored as coclonal with one probe were always coclonal with other probe sequences (up to a sample size offive, the largest number of coclonal individuals we have detected thus far).
Hybridization at high stringency sharply reduced or virtually eliminated band overlap in the fingerprints generated by different probes. Nonetheless, all clones assayed could be distinguished by all of the probes used. The 1989 Lower Matecumbe Key sample was analyzed in detail: all seven individuals (presumptive clones) could be resolved readily with probes (CT)9, (GT)9, and 33.15 although the fingerprint patterns showed little or no band overlap (Fig. 3) . The pairwise fingerprint band distances for this sample-i.e., the number of bands for each probe-by which the fingerprints of each pair of clones differ are given in Table 2 . These pairwise distances almost certainly underestimate mutational divergence, for there is no reason to suggest that the three probes, chosen arbitrarily, exhausted the repertoire of divergent bands that separate the clones. The number of divergent bands and the total number of bands in each pairwise R. marmoratus populations (1). Typical mutation rates reported for the minisatellite loci that comprise many DNA fingerprints are at least 100 times greater than those usually quoted for protein-encoding genes (roughly 10-4 VS. 10-6) (11, 22) . Therefore, it is not clear whether R. marmoratus populations are really more variable than those of other clonal animals or whether the variation of the latter has been underestimated by a relatively insensitive technique.
However, one might turn the last suggestion around and argue instead that the fingerprint variation in our samples is simply evidence of the inevitable decay of genetic similarity by the accumulation of neutral mutations, possibly accompanied by sampling error, in a population whose members are otherwise virtually identical. The high mutation rates of minisatellite sequences, which in at least one case (in the mouse genome) approaches 0.1 per gamete-generation (13) , seem to lend credence to this argument.
Intuitively, most of the genotypes produced by mutation in an otherwise genetically uniform clonal population should differ by one or a few mutational steps. These sister or near-sister clones should be divergent for one or a few fingerprint bands and the differences should be evident only with the use of one or a small number of different probes; they would otherwise be indistinguishable. More divergent clones can only evolve stepwise from less divergent (more intermediate) ancestors.
With the exception of two from Vero Beach, sister clones are conspicuously absent in our samples. Most sympatric clones, although often taken from the same or from closely adjacent crab holes, clearly differ by several independent mutations. For example, in the Lower Matecumbe Key sample (Table 2) , the minimum number of total bands separating two clones is 14 (mean, 24; maximum, 45). Even if one adjusts this by 20% to allow for band overlap among probes, and allows a genetic distance of two bands between clones per homozygous mutation, the average clones differ by at least 9 or 10 mutational steps. Since the survey clearly did not detect all bands by which the clones differ, this estimate is obviously minimal and is likely markedly so.
Thus, to explain the Rivulus data by the gradual accumulation of neutral mutations in an otherwise uniform population, one must postulate the regular disappearance of less divergent ancestral clones in favor of more divergent descendants. This replacement process, in a context in which mutations are assumed to be slightly deleterious, has been studied by population biologists as "Muller's ratchet" (23). Haigh's analysis (24) suggests that every turn of the ratchet has an extinction phase, during which the least mutationally loaded class disappears stochastically, and an establishment phase, during which the size of the next-least-loaded mutational class shrinks from a previous deterministic level to one whose dynamics are governed by the extinction phase. At any given level of selection, the duration of the extinction phase is inversely proportional to the genome-wide mutation rate, but that of the establishment phase is directly proportional to that rate. At high mutation rates and low selection coefficients, the establishment phase can be very long.
The duration of the establishment phase in generations in Haigh's model is roughly given by (log s -log U)/log(1 -s), where s is the selection coefficient and U is the genome-wide mutation rate (25) . This formula can be used to compute the duration of one turn of Muller's ratchet for the loci involved in DNA fingerprints by setting s equal to 10-3 to approximate neutrality and obtaining a value for U of 10-2 by assuming that there are 100 such loci (possibly a 5-to 10-fold underestimate) with an average mutation rate of 10-4. Under these assumptions, the establishment phase for one turn of the ratchet is -2500 generations. But it would require 9 or 10 such turns of the ratchet to explain the average pairwise mutational distance among the Lower Matecumbe Rivulus clones, or t24,000 generations. At 1.5 generations per year, this would require that the population has persisted for 15,800 years. R. marmoratus populations occur in marginal habitats that are subject to the uncertainties of drought and tide, and it is unlikely that many of them persist undisturbed for even 1% of this time.
The genetic discontinuities among sympatric clones therefore imply that gradual accumulation of neutral mutations in otherwise genetically uniform populations is not a convincing explanation for DNA fingerprint variation within populations of R. marmoratus, even if mutation rates of the loci involved are very high and even if mutational distances among clones have been overestimated by a factor of two.
However, if high mutation rates are combined with regular mixing of individuals from different populations, a potential explanation of both genetic variation and discontinuity emerges. The vagility, at least over short distances, of individuals of R. marmoratus and congeneric species is well known and includes well-documented terrestrial excursions (see ref. 9 for a partial review). It is conceivable that migration and interchange of individuals from different populations are so marked and regular that geographical and genetic propinquity are routinely uncoupled. This would imply that most R. marmoratus populations are transitory admixtures of different genotypes with largely unrelated mutational histories. Sister clones would frequently not be sympatric and would seldom be included in the same sample. To our knowledge, such nonequilibrium mixtures have been reported previously only among clonal plants, where their formation is thought to be related to frequent local extinction and recolonization, especially after major habitat disturbances (26) .
The hypothesis of regular mixing of individuals from different mutational lineages is supported by the complete turnover in clonal composition of the No Name Key and Rookery Bay samples (Table 1) . It is compatible with the high mutation rates of micro-and minisatellite loci and with the instability of many Rivulus habitats.
Various forms of selection, especially frequencydependent selection, could also explain the genetic variation and discontinuity among sympatric R. marmoratus clones. If valid, such explanations would be of intense interest, for they imply the frequent existence of adaptively significant phenotypic differences among clones. Since recombination is unknown in natural populations of this species, these differences could arise only by mutation. If mutation without recombination could generate large amounts of such variation, a major theoretical explanation for the perceived "evolutionary sluggishness" (27) However, DNA fingerprint variation per se is generally thought to be phenotypically inconsequential (but see refs. 28 and 29). The three R. marmoratus clones originally identified by Harrington and Kallman by histocompatibility experiments are divergent in the laboratory in several life history traits, which could be adaptively significant in nature (30) . These clones also have distinctive DNA fingerprints (1), but the extent of the correlation among immunogenetic, DNA fingerprint, and other classes ofgenetic variation is unknown. Hypotheses based primarily on clonal selection are therefore tantalizing but premature.
